In current study, the effects of numerous process parameters such as properties of work material, profile of tool, grit size, tool feed rate and power rating on rate of material removal and tool wear have been investigated in ultrasonic machining of WC-Co composite material. Taguchi's L-18 orthogonal array has been utilized for planning the experiments. Analysis of variance (ANOVA) is also utilized to find the significant factors. Multi-response optimization has been done by using grey relation analysis (GRA) method. Tool with square type profile carries better performance for material removal rate. Significant effects are observed for process variables such as tool profile, abrasive grain size, power level and tool feed rate. Obtained results have been found to corroborate with confirmatory experimental results.
Introduction
WC-Co composite is classed among the most important metal matrix composite materials manufactured by a process called as "powder metallurgy". The several steps included in the production of WC-Co composite are; making of tungsten carbide powder, consolidation of the powder, sintering in the liquid phase followed by post-sintering operations. WC-Co composite materials are also known as cermets, hard metal and cemented carbide [1] . WC-Co composites are hard materials with high mechanical strength (excellent hardness, wear resistance) and better dimensional stability. Due to these superior properties, these have widespread applications in industry, e.g., manufacturing of wear parts, die and punch manufacturing and cutting and drilling tools.
WC-Co material has high strength, hardness, and superior wear resistance and it has high melting temperature. Due to these properties, it becomes quite difficult to process this material. Machining of WC-Co has been reported by using different processes (such as; turning, Electric discharge machining (EDM), Wire EDM and powder mixed EDM) by the different investigators which resulted in high cutting force, high surface roughness and surface defects (cracks, heat effected zone, recast layer). These defects result in decrease in corrosion resistance of machined surface, wear resistance, hardness and also affect the product quality [1] [2] [3] [4] [5] [6] [7] [8] [9] . A number of studies have also reported the application of contemporary machining practices such as EDM, wire EDM, etc. However, problems caused by the different physical characteristics of WC and Co (such as melting point, thermal conductivity) have been reported; mainly in terms of dislodging of WC grains, agglomeration of graphite (carbon) and WC grains. These problems usually lead to the loss of process stability and arcing phenomenon during machining. The topography and integrity of the surface generated after machining is also affected.
Ultrasonic machining is a contemporary manufacturing method usually employed for processing materials with higher hardness/brittleness such as quartz, semiconductor materials, ceramics etc [10, 11] . Kumar et al. [11] evaluated the machining characteristics in terms of surface roughness (SR), tool wear rate (TWR) and material removal rate (MRR) at different level of input parameters in ultrasonic machining of titanium. Results reported that, all parameters are significant for MRR and TWR, and SR was considerably influenced by grit size. Kataria et al. [12] investigated SR of machined surface of WC-Co and results shows that grit size was the most significant factor. Kataria et al. [13] reported that power rating and grit size are the factors of high significance which affect the cutting ratio, overcut and taper angle. Jadoun et al. [14] optimized the process parameter for cutting ratio in ultrasonic machining of alumina ceramic. Cutting ratio increases while increasing the power rating and decreasing the abrasive grit size.
Hocheng et al. [15] reported the influence of amplitude and static load on machinability in ultrasonic drilling of ceramics (Zirconia based). Komaraiah and Reddy [16] , Jianxin and Taichiu [17] , and Kumar and Khamba [18] assessed the impact of work material properties on machining characteristics in ultrasonic machining. Results reported that work materials with higher fracture toughness and hardness tend to be machined at higher removal rates. Teimouri et al. [19] performed the multi response optimization using imperialist competitive algorithm (ICA). Lalchhuanvela et al. [20] explored the effect of USM process parameters on MRR and SR while machining alumina ceramic. Results reported that the maximum MRR could be attained at higher level of every input parameter and SR decreases with decrease in grit size and power rating. Adithan et al. [21] studied the tool wear characteristics and showed that the stainless steel tool had low tool wear as compared to tungsten carbide and mild steel. Table 1 presents an overview of the research content of previously reported studies on ultrasonic machining.
Ultrasonic machining could be a potential solution for addressing the problems related to machinability of WC-Co material. The machined surface produced by USM does not carry any surface defects (cracks, recast layer, heat effected zone etc.) which is generally found in thermal based processes [22] . Therefore, an attempt has been made to further explore the machining efficiency in ultrasonic drilling of WC-Co composites. In the reported literature, very few investigators used the different types of tool profiles, tool feed rate as process parameters for their investigation. Moreover, few studies were reported on multi-response optimization problem. Thus, the current article is aimed to study the effect of tool profile, tool feed rate on MRR and TWR, by coupling these parameters with other critical, unexplored variables such as content of Cobalt constituent (in work material), power rating and grit size. An appraisal of independent effects of the input variables has been made and optimal parametric settings are identified. Grey relation analysis has been utilized for devising the multi-response optimization. 
Materials and Methods
The fabrication of WC-Co composite includes several steps; production of tungsten metal powder, blending, ball milling, drying, powder compaction process. At last, sintering is performed for obtaining the machining samples in compact form.
The scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) was also employed in a view to characterize WC-Co composite material. ASTM E3 standards were followed for preparation of composites samples. The microstructure of composite (with 6% cobalt) is depicted in Figure 1(A) . The uniformly distribution of cobalt particles can be observed throughout the matrix. Figure 1 (B) depicts the surface topography of the sample of composite with 24% Cobalt. The uniformly distribution of cobalt particles can be observed throughout the matrix. The EDX analysis confirmed about the composition of WC and Co grains in the machining samples, as shown in Figure 2 . In the present study WC-Co composite material having 6% and 24% cobalt content has been taken as work material (diameter 20 mm and thickness 3 mm). The chemical and mechanical properties are shown in Table 2 . The selection of tool profiles was made randomly. The composition was considered with a broad variation in cobalt content so as to obtain the effect of work material properties (such as fracture toughness, hardness) appropriately. The tool feed rate was selected on the basis of machine operating range (low, medium, and high). Grit size was selected as per the available literature. The range of power rating was selected on the basis of pilot experimentation results. Past literature shows that hollow tools gives better performance as compared to solid tools [18] . So, hollow tools were selected for present experimentation. These tools are having better inertia and efficient flow of abrasive slurry. Stainless steel material is selected as tool material with three different profiles; round, triangular, square having same cross-sectional area. Figure 3 shows the detailed drawing of round and square tool. Three types of grit sizes (200, 320 and 500) of boron carbide are used for preparation of abrasive slurry for the experimentation. Power rating and feed rate at three levels were selected for this work. Table 3 illustrates the different input parameters along with their levels. The experiments were performed on an "AP-450 model" (Sonic-Mill, Albuquerque, USA). Figure 4 shows machining zone and pictorial view of tools used. Material removal rate is measured by taking the mass of the metal removed during machining, divided by time taken for machining to the required depth. Time taken for each experiment was recorded by stop watch. The weight was measured with an electronic balance whose least count was 0.0001 g. In same way, tool wear rate was calculated. This study makes use of Taguchi's L-18 OA for design of the experimental plan. It includes four factors with three levels and one factor has two levels. The total dof associated with five parameters is 9 × (1 × 1 + 2 × 4). Hence, L-18 OA was selected for the present study (with dof 17).
Experiments were performed as per L-18 array (as shown in Table 4 ). Each trial was replicated twice. In order to reduce experimental error, all 54 trials were conducted in completely randomized fashion. The design matrix and experimental results are briefed in Table 4 . 
Experimentation and Data Collection
In Taguchi method, the variation inherent in performance characteristic is represented by S/N ratio. The terms "signal" and "noise" represents desirable (mean) and undesirable value (standard deviation) respectively. In accordance to Taguchi, the response variables are categorized into two different types, e.g. larger the best (LTB) and smaller the best (STB) [29] . Following relations are utilized for assessment of the S/N ratio;
Larger the best
Smaller the best
where is the response value recorded in j th observation. Here, for MRR, "larger the best" and for TWR, "smaller the best" type S/N ratio were computed. Minitab-16 software has been utilized for analyzing the results.
Results and Discussions
MRR and TWR have been studied under the influence of each parameter. Figure 5 illustrates the normal probability plots of residuals for MRR and TWR. Normal distribution of errors has also been revealed as almost all of the residual values are observed to fall on the fitted curve. Hence, Model assumptions are being validated for analysis of variance (ANOVA) test. Figure 6 shows that increase in cobalt content results in lower value of MRR. It happens because as cobalt content increases, the fracture toughness increases. Hence the crack propagation and intersection become difficult and requires more energy which results in reduced MRR. Tool profiles have significant effect on the MRR. Square tool profile gives higher MRR as compared to round and triangular tool profiles. This may be related to the efficient flow of slurry particles under the square shaped tool. As coarseness of the abrasive grains increases, MRR also increases. There are mainly two wear mechanisms (hammering action and throwing action) given for the USM process, as reported in literature. Hammering of the grains on the surface is considered as primary wear mechanism. Increasing the grit size causes the reduction in surface density of abrasive particles, which further results into an immense growth of the resultant stress due to action of each grit particle. This results into increase of material removal rate. As grit size increases, the mass of the particles also increases, which results into greater impact force (per unit area). Thus, in both cases, the effective stress on the surface of the work sample is increased with the grit size, which accelerates the micro-chipping and hence the material removal. These results are found consistent with the findings of the other researchers [11, 18, 20] . Power rating is also a significant process parameter in ultrasonic machining of WC-Co composite. An increment in power rating produces a significant improvement in machining rate. Increased power rating results in increase of amplitude of vibration, thereby increasing the abrasive grit particles momentum before making impact. Higher energy of abrasive particles results into the removal of larger lumps from surface of work material, which is responsible for the increasing MRR. Similar results were reported in previously published investigations [18, 24] . Tool feed rate also affects the material removal rate. Rate of increase in MRR is higher for feed rate from 0.015 to 0.018, while it is slower for feed rate value from 0.018 to 0.021. Overall increase in tool feed rate gradually increases the MRR. The S/N ratio is found to be highest at these levels, which signals the maximization of the desired value of the response with minimum impact of noise.
Material Removal Rate
ANOVA test is also performed for raw data and S/N ratio data in order to evaluate the significant parameters that contribute to the variation in MRR and also to evaluate the percentage wise contribution. Tables 5 and 6 show the ANOVA results for raw data and S/N data respectively. Results from ANOVA test (raw data) depict that the descending order of various factors as per their significance for MRR as-power rating (52.06%), grit size (18.70%), tool feed rate (8.20%), and tool profile (6.34%). However the contribution of process parameters from the ANOVA test (S/N ratio data) is as follows; power rating (52.51%), grit size (19.24%), tool feed rate (11.01%), cobalt content (6.60%) and tool profile (3.92%).
MRR is "larger the best" type response. Thus, the higher value of MRR is considered as desirable. As described in Figure 6 , the optimal process setting for MRR is as; first level of cobalt content (A1), profile of tool at third level (B3), grit size at first level (C1), power rating at third level (D3), and third level of tool feed rate (E3). Figure 7 depicts that tool wear rate is not affected by cobalt content significantly. Tool with square profile exhibit more TWR as compared to round and triangular type profiles; as observed from raw data and S/N ratio data. Abrasive grit size also has significant effect on TWR. TWR increases as abrasive grit size increases. Use of grains of larger diameter results in large micro cavities on the surface of the tool, which is responsible for higher tool wear rate. These results are found to be consistent with previously reported researches [18, 30] . It is also observed that, TWR is higher at that combination of grit size and power level which yields higher MRR.
Tool Wear Rate
It is observed that an increase in power rating results into higher TWR. As power rating increases, high energy abrasive grit particles strike the surface of tool which creates hasty cracking in the tool surface, thus encouraging tool wear rate. Similar results also suggested by Jadoun, et al. [23] and, Kumar and Kumar [30] . Tool feed rate is also significant for TWR. Increase in tool feed rate corresponds to increase in tool wear rate. Rate of increase in TWR is higher for feed rate ranges from 0.015 to 0.018, while it is slower for feed rate value from 0.018 to 0.021. In other words, TWR gradually increases with an increase in tool feed rate. When considering S/N response, the highest value signals the optimal level of each parameter, which corroborates the results of mean response. However, cobalt content in work material is following a different trend as compared to other variables. ANOVA test was also performed to evaluate significant factors for TWR and also to evaluate the percentage wise contribution. ANOVA results for raw data and S/N data are presented in Tables 7 and 8 . Results from ANOVA test (raw data) show that the descending order of various factors as per their significance for TWR as-power rating (52.98%), grit size (19.82%), tool feed rate (8.01%), and tool profile (6.87%). However, the contribution of process parameters from the ANOVA test (S/N ratio data) is as follows; power rating (58.98%), grit size (17.46%), tool feed rate (10.47%), tool profile (5.71%), and cobalt content (1.93%). TWR is "smaller the best" type response. So, the lowest value of TWR is considered as desirable. As described in Figure 7 , the optimal process setting for TWR is as; cobalt content at first level (A1), second level of tool profile (B2), grit size at third level (C3), power rating at first level (D1), and first level of tool feed rate (E1). Percentage contribution of different factors on MRR (raw data) and TWR (raw data) is depicted in Figure 8 . Table 9 shows the macro-model for MRR and TWR. The macro-model is generated by the application of Taguchi's single response optimization. 
Prediction of Mean
The prediction of optimal performance and depiction of confidence interval has been achieved by employing Taguchi approach. The results obtained from confirmatory experiments must lie in the confidence interval (α = 0.05).
Following equation has been used to compute CI CE and CI POP [29] . V e = Error variance Table 10 represents the predicted values, experimental results at optimized setting. The correlation of MRR and TWR has been established through quadratic regression. The best fitting line for prediction of tool wear rate (over a range of material removal rate) was revealed using MINITAB 16 software (as shown in Figure 9 ). The quadratic regression equation from the least squares line is: TWR= 0.001258+0.1278 MRR+0.6320 MRR 2 (5) Using this equation, tool wear rate can be estimated for a given value of MRR. The value of Rsq is close to unity (.909); hence the degree of correlation among the two response variables (MRR, TWR) is high. In another words, higher MRR cannot be obtained without accepting a higher magnitude of TWR. Hence, the higher productivity is obtained at the cost of machining economy. 
Multi-response Optimization using GRA Method
Grey relation analysis is an effective method used for solving the multi response optimization problems. GRA method can also be used for solving the complicated interrelationship among the data when the trends of their development are either homogeneous or heterogeneous. The major advantages of GRA method are; results based on real data, computations are simpler and apparent, and it is also one of the excellent techniques employed to build decisions in manufacturing milieu [31] . The simultaneous optimization of the investigated machining responses makes the process applicability more meaningful while tackling real life industrial problems [32, 33] . This method includes the evaluation of multi-response based on grey relational grade (GRG). Therefore, a multiple response optimization can be performed by converting it into single response optimization by using GRG. The multi-response optimization is done by treating GRG as an overall evaluation of experimental data. Optimize value of a process parameter is related to GRG at highest level. The procedure for computation of GRG value for different trials and depiction of optimized process situation can be illustrated as follows [34] :
Step 1: Values of SN ratio are computed for each objective for all the trials using Eqns. (1)-(2).
Step 2: Values of SN ratio are normalized for all the process objectives employing Eqn.
where min Z yi = min {Z 1yi , Z 2yi , …….., Z myi }and max Z yi = max {Z 1yi , Z 2yi , …….., Z myi }
Step Step 4: GRG j corresponding to j th trial calculated as;
The weights for MRR and TWR considered as 0.5 and 0.5 respectively to perform the calculations for multi-response optimization.
Step 5: Utilize arithmetic mean to compute the parameters effects on GRG value and then optimal combination is decided by considering higher-the-better factor effects. Figure 10 shows the main effects plot for GRG, in which optimized setting is found as cobalt content (25%), profile of tool (round), grit size (200), power rating (80%), and feed rate (0.018). In case of single response optimization, the predicted S/N ratio for MRR and TWR was found as −18.46 and 55.79 respectively and for multi response optimization these were −22.41 and 38.75 respectively as illustrated in Table 11 . Table 12 illustrates a comparison of results obtained for ultrasonic machining of different materials selected by various investigators in past research work. It is revealed that from the literature that there is a vast range of materials that can be machined with USM. It can also be concluded that most of the responses in USM processes are well affected with the proper selection of process variables. The results presented in current article are somehow differ from past investigations and this can be considered due to the incorporation of some parameters i.e. profile of tool, feed rate etc. which were almost omitted in past literature. Table 13 represents the results obtained in the machining of WC-Co composites with various processes. It is revealed that with USM machined surface is found to be free from any defects such as; heat affected zone, recast layer etc. which are usually occurs in thermal based processes. 
